-Hyposecretion occurs in most patients early after submandibular gland autotransplantation for severe keratoconjunctivitis sicca. Endogenous transient receptor potential vanilloid subtype 1 (TRPV1) has been recently demonstrated in rabbit submandibular glands, and activation of TRPV1 by capsaicin increases secretion in isolated glands, but the TRPV1-mediated secretory mechanism remains to be elucidated. The purpose of this study was to verify whether activation of TRPV1 by capsaicin could improve the secretion of transplanted gland and its underlying mechanism. The salivary flow of the transplanted glands was significantly decreased, and the mRNA and protein levels of TRPV1 and aquaporin 5 (AQP5) were downregulated in the transplanted glands. Topical capsaicin cream increased secretion and upregulated levels of TRPV1 and AQP5 in transplanted glands. Moreover, in cultured submandibular gland cells, capsaicin increased the mRNA expression of AQP5 and led to redistribution of AQP5 from the cytoplasm to the plasma membrane via TRPV1 activation. Capsaicin enhanced the phosphorylation of extracellular signal-regulated kinase (ERK). Preincubation of cells with PD98059, an inhibitor of ERK kinase, suppressed the capsaicin-induced mRNA expression of AQP5. In summary, the capsaicin-induced secretory mechanism involved activation of TRPV1 and upregulation of AQP5 in an ERK-dependent manner and promoted the redistribution of AQP5 in submandibular gland cells. Activation of TRPV1 may provide a new therapeutic strategy to improve submandibular gland hypofunction.
capsaicin; aquaporin 5; transient receptor potential vanilloid subtype 1; secretory mechanism THE SECRETION OF THE SUBMANDIBULAR gland is primarily controlled by sympathetic and parasympathetic autonomic nerves. Neuronal modulation of secretion is mediated by neurotransmitter activation of receptors such as acetylcholine on muscarinic receptors and norepinephrine on ␣-adrenoceptors or ␤-adrenoceptors (2, 23) . In addition to salivation induced by the classical neurotransmitters, some peptides such as substance P, neuropeptide Y, and calcitonin gene-related peptide also participate in regulating the salivary secretion through receptor activation in submandibular gland cells (6) .
Transient receptor potential vanilloid subtype 1 (TRPV1), also known as vanilloid receptor 1, is a ligand-gated nonselective cation channel and can be activated by capsaicin (the main pungent ingredient in hot chili peppers), heat (Ͼ43°C), and low pH (4) . Although TRPV1 was originally localized in neurons that convey nociceptive transmissions, recent evidence indicates a functional TRPV1 in various cell types, including bladder epithelial cells (3) , bronchial epithelial cells (37) , and synovial fibroblasts (7) . Our previous study revealed that TRPV1 is endogenously expressed in the rabbit submandibular gland and that capsaicin can directly act on submandibular gland cells by activating TRPV1, resulting in an elevated level of intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) (41) . The interaction of capsaicin with TRPV1 stimulates secretion of isolated submandibular glands, possibly mediated by the increase in [Ca 2ϩ ] i (41) . These results suggest that activation of TRPV1 may be part of a novel pathway for modulating the salivation of submandibular glands and could be a potential target for treatment of secretory disorders, especially hypofunction of the submandibular gland. However, the salivary secretory mechanism mediated by TRPV1 remains to be elucidated.
Keratoconjunctivitis sicca is a common ophthalmological disease characterized by reduced amount of or lack of tears and has serious complications, including corneal damage and even loss of sight (29) . Microvascular autotransplantation of the submandibular gland into the temporal fossa with insertion of Wharton's duct into the upper conjunctival fornix provides a continuous, endogenous source of ocular lubrication in treating severe keratoconjunctivitis sicca (10, 26, 40) . However, the submandibular gland experiences hyposecretion from 5 days to 3 mo after transplantation, which may cause macromolecules such as mucins to accumulate in the ducts and lead to obstruction of Wharton's duct or even to transplantation failure in some patients (40) . Therefore, it is essential to seek an effective therapeutic strategy to improve secretory function during the early stage after transplantation.
Aquaporin 5 (AQP5) is highly expressed in the apical membranes of salivary acinar cells and plays a major role in rapid movement of water in salivary glands (22) . Decreased expression of AQP5 is common in salivary gland hypofunction induced by radiation therapy (18, 32) . Our previous results showed that the expression of AQP5 was reduced and dispersed in the cytoplasm of acini in transplanted glands on postoperative day 7 (38) . Thus the identification of molecular mechanisms regulating the activity of AQP5 in the submandibular gland will provide further understanding of the patho-physiological mechanisms of salivary dysfunction and useful insights into novel antihyposecretion therapies.
On the basis of these findings, we hypothesized that capsaicin might increase saliva secretion of the transplanted submandibular gland through a mechanism involving regulation of AQP5 expression and activity. The present study, designed to investigate the changes in the expression of TRPV1 and AQP5 in a rabbit submandibular gland autotransplantation model, revealed a major secretory mechanism of capsaicin in vivo and in vitro.
METHODS

Animals.
Healthy male New Zealand white rabbits, weighing 2.3 Ϯ 0.2 kg, were used. All experimental procedures were approved by the Ethics Committee of Animal Research, Peking University Health Science Centre, and animals were cared for in accordance with the Guidelines of the Ministry of Public Health for the Care and Use of Laboratory Animals.
Materials. Zostrix cream with 0.075% capsaicin was purchased from Medicis Pharmaceutical (Phoenix, AZ). Antibodies to TRPV1, AQP5, extracellular signal-regulated kinase 1/2 (ERK1/2), phospho-ERK1/2, horseradish peroxidase-, FITC-, and tetramethylrhodamine isothiocyanate (TRITC)-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody to actin was purchased from Oncogene (Cambridge, MA). Other chemicals and reagents were of analytical grade.
Transplantation procedure. The autotransplantation was performed as previously described (38) . Briefly, anesthesia was induced by an intravenous injection of pentobarbital sodium (20 mg/kg). The right submandibular gland, along with the Wharton's duct and related blood vessels, was isolated from the submaxillary triangle. The freed gland was transplanted into the left temporal region and revascularized by anastomosis of the artery of the gland to the distal part of the external carotid artery and the vein of the gland to the temporal vein. A polyethylene tube was inserted into the Wharton's duct and left outside the temporal skin to measure secretion of the submandibular gland. Rabbits were randomly divided into groups for treatment: control (without transplantation), transplantation, and transplantation with capsaicin treatment. An amount of 0.2 g of capsaicin cream or vehicle cream was spread over the skin (2 ϫ 2 cm 2 ) covering the transplanted submandibular gland twice a day from postoperative days 1 to 7. For the control glands, a tube was also inserted into Wharton's duct and externalized to collect saliva. On postoperative day 7, the glands were removed with the rabbit under anesthesia for further investigation.
Salivary secretion. Salivary flow was measured between 9:00 and 10:00 AM in resting and conscious rabbits 5 min prior to and 5, 10, 15, 20, 25, and 30 min after capsaicin or vehicle cream application. The length of filter paper (35 mm ϫ 5 mm) moistened by the secretion was recorded for 5 min as described by Schirmer's test (19) .
Blood flow. The blood flow of the transplanted submandibular gland was measured continuously from 5 min before to 30 min after capsaicin or vehicle cream application by laser-Doppler flowmeter (Laser Flo, Vasamedics, St. Paul, MN). The submandibular gland was exposed and one probe was placed against the gland to measure the change in glandular blood flow. For statistical analysis, the averaged values during the 5 min recording were used and expressed as perfusion units.
Histology. Submandibular gland specimens were fixed in 10% formaldehyde, paraffin embedded, sectioned at 5 m, and stained with hematoxylin-eosin for microscopic morphometric evaluation using the Leica Qwin software program (Q550CW, Leica, Mannheim, Germany). Data were represented as the mean acinar radius and percent area of parenchyma (representing the acini and ducts) determined by five experimental measurements of 10 random fields in each section.
Other gland specimens were fixed in 2% paraformaldehyde-1.25% glutaraldehyde. Ultrathin sections were prepared and stained with uranyl acetate and lead citrate and observed on transmission electron microscopy (H-7000 electron microscope; Hitachi, Tokyo, Japan).
Cell culture and identification. Primary cultures of rabbit submandibular gland cells were prepared by enzymatic digestion as described (41) . Briefly, neonatal rabbits (1 day old) were anesthetized with pentobarbital sodium (50 mg/kg) by intraperitoneal injection. The submandibular glands were excised and dissected free of connective tissue, rinsed twice with ice-cold phosphate buffer saline, cut into small pieces, and digested in medium containing 0.1% pancreatin and 0.025% collagenase for 20 min in a shaking water bath at 37°C. The digestion was terminated and washed twice with Dulbecco's modified Eagle's medium (DMEM) containing 5% fetal bovine serum (FBS) and centrifuged at 1,000 g for 5 min. The cells were then resuspended in DMEM containing 15% FBS and filtered through a single layer of nylon bolting cloth (150 mesh). The filtrate was cultured in a humidified atmosphere of 5% CO2 at 37°C for 24 h. The cells were stained with cytokeratins 17 and 20 (Dako Cytomation, Glostrup, Denmark) and epithelial origin was confirmed. For stimulation experiments, cells were serum starved in DMEM for 12 h and then treated with capsaicin (10 M) for the indicated times.
RT-PCR. Total RNA was isolated by means of Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. RNA preparations were treated with DNase I to remove contamination by genomic DNA before RT-PCR. cDNA was prepared from 4 g total RNA with use of Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI) and primed with oligo(dT). TRPV1 was amplified from 10 l cDNA as follows: 1 cycle at 94°C for 5 min, then 30 cycles of 94°C for 45 s, 60°C for 45 s, and 72°C for 45 s. The primers were based on of the cDNA sequence of TRPV1 (GenBank ID: AY487342) and AQP5 (GenBank ID: AF495879), and ␤-actin as an internal control. The sense and antisense primers for TRPV1, AQP5, and ␤-actin were 5=-atgggcgacctggagttcac-3= and 5=-ttgatgatgcccacgttggt-3=; 5=-atctggcaccacaccttctacaatgagctggcg-3= and antisense 5=-cgcactactcctgcttgctgatccacatctgc-3=; and 5=-gttcctggccaccctcatct-3= and 5=-acagacaggccgatggacag-3=, respectively. The amplification products were visualized on 1.5% agarose gel by use of ethidium bromide and sequenced to confirm identity. The band densities were quantitated by use of a gel electrophoresis image system (LEICA550IW, Leica, Mannheim, Germany).
Immunoblotting. The tissues or cultured cells were homogenized in lysis buffer (containing 50 mM Tris·HCl, pH 7.2, 150 mM NaCl, 1 mM ethylenediamine tetraacetic acid, 1 mM phenylmethylsulfonyl fluoride, 1% Triton X-100, 0.1% SDS, and 0.1% sodium deoxycholate) by use of a Polytron homogenizer. The homogenate was centrifuged at 1,000 g for 10 min at 4°C, and the supernatant was collected. The concentration of proteins was measured by Lowry's method (21) . Crude protein extracts (40 g) were separated on 9% SDS-PAGE and transferred to polyvinylidene difluoride membrane. The membrane was blocked with 5% nonfat milk and then probed with primary antibodies (TRPV1, AQP5, ERK1/2, and phospho-ERK1/2), then horseradish peroxidase-labeled secondary antibodies. The blots were visualized by use of enhanced chemiluminescence (Amersham Biosciences, Piscataway, NJ) and exposed to X-OMATTM films (Kodak, Rochester, NY). The density of bands was scanned and quantified by use of the LEICA550IW image analysis system. Membranes were stripped and reprobed with anti-actin antibody to ensure equal loading.
Immunofluorescence. Frozen sections of submandibular glands were immunostained with anti-AQP5 antibody at 1:100 dilution, then incubated with TRITC-labeled secondary antibody. Nuclei were stained with 4=,6-diamidino-2-phenylindole (Sigma, St. Louis, MO). Submandibular gland cells were cultured on glass coverslips for 24 h and then in serum-free DMEM for 12 h. The cells were incubated with capsaicin for the indicated times at 37°C. When inhibitors were used, 10 M capsazepine was applied 10 min before the addition of capsaicin. Then cells were fixed and probed with anti-AQP5 antibody and incubated with FITC-labeled secondary antibody. Fluorescence images were captured on confocal microscopy (Leica TCS SP2).
Data analysis. Data are presented as means Ϯ SD for the indicated number of distinct experiments. Statistical analysis for multiple groups involved one-way ANOVA followed by Bonferroni's tests. Values of P Ͻ 0.05 were considered statistically significant.
RESULTS
Capsaicin promoted secretion of transplanted submandibular glands. Before transplantation, the basal salivary flows of submandibular gland did not significantly differ among control, transplantation, and capsaicin groups (6.7 Ϯ 0.97, 7.11 Ϯ 1.89, 7.07 Ϯ 0.92 mm, respectively). Saliva secreted from the transplanted glands increased on postoperative day 1, decreased on days 2-3 and was barely detectable on days 4-7. Capsaicin applied to the skin covering the transplanted submandibular glands markedly increased the secretion of the transplanted glands from postoperative days 1 to 7 (Fig. 1A) . The fluid secretion was increased from 5 min after challenge, sustained for 15 min, and then decreased to near the baseline level 30 min after treatment (Fig. 1B) ; vehicle control had no effect on gland secretion (data not shown).
Capsaicin increased the blood flow of transplanted submandibular glands.
Blood flow is one of the most important factors affecting the secretion of the submandibular gland (33, 34) . We measured the glandular blood flow of transplanted submandibular glands before and after capsaicin treatment. Blood flow was rapidly increased by 43.11% in the first 5 min and was reduced at 10 min but still 20.36% higher than that before capsaicin application (Fig. 1C) . Vehicle control had no effect on the blood flow of the glands (data not shown).
Capsaicin upregulated the expression of TRPV1. The mRNA and protein levels of TRPV1 in transplanted glands were markedly reduced to 47.4 and 50.2%, respectively, compared with those in controls (P Ͻ 0.01), whereas they were closer to controls after capsaicin treatment for 7 days (Fig. 2,  A and B) .
Capsaicin increased the expression of AQP5 in transplanted submandibular glands. The mRNA and protein expressions of AQP5 were markedly decreased in transplanted glands (P Ͻ 0.01 or P Ͻ 0.05) but were similar with controls after capsaicin treatment (Fig. 3, A and B) . AQP5 protein was predominantly localized in the apical membrane of acinar cells in control submandibular glands on immunofluorescence analysis (Fig.  3C ) but was significantly diminished in level in the plasma membrane and mainly dispersed in the cytoplasm of acinar cells of transplanted glands (Fig. 3D) . After capsaicin treatment for 7 days, the fluorescence of AQP5 was increased and was mostly located in the apical membranes of acinar cells (Fig. 3E) .
Capsaicin increased AQP5 expression and promoted AQP5 redistribution in cultured primary submandibular gland cells. Since AQP5 mRNA was already expressed at embryonic day 16, reached a maximum before birth, and did not change much throughout postnatal development (1), we cultured primary neonatal rabbit submandibular gland cells to investigate the direct effect of capsaicin on the expression and distribution of AQP5. The expression of AQP5 mRNA was significantly increased and peaked at 12 h after capsaicin treatment (Fig. 4A) . Preincubation with 10 M capsazepine, an antagonist of TRPV1, for 10 min inhibited the increase in AQP5 mRNA level induced by capsaicin treatment for 12 h (Fig. 4B) . Under unstimulated conditions, AQP5 was mostly localized in the cytoplasm of the cultured primary neonatal submandibular gland cells (Fig. 5A) . One-minute capsaicin stimulation increased the fluorescence of AQP5 in the plasma membrane (Fig. 5B) , and with 10-min treatment the fluorescence was diffused in the cytoplasm (Fig. 5C ). Pretreatment with capsazepine abolished the AQP5 translocation induced by capsaicin treatment for 1 min (Fig. 5D) . 
Capsaicin induced the phosphorylation of ERK1/2 and upregulated AQP5 expression in an ERK-dependent manner.
To further investigate the signaling pathway of capsaicin promoting the expression of AQP5, phosphorylation of ERK1/2 was examined in cultured primary neonatal rabbit submandibular gland cells. The level of phospho-ERK1/2 was rapidly increased, by 47.83 and 30.43%, after stimulation with 10 M capsaicin for 5 and 10 min, respectively. The activity returned to the basal level after 30 min, but the level of total ERK1/2 was not changed (Fig. 6A) . Preincubating submandibular gland cells with capsazepine abolished ERK1/2 phosphorylation induced by capsaicin treatment for 5 min (Fig. 6B) , which indicated that capsaicin promoted ERK1/2 activation through TRPV1. Moreover, ERK phosphorylation induced by capsaicin was markedly reduced when calcium was chelated by EGTA, which suggested that calcium might act as an upstream signal molecule of ERK1/2 in capsaicin activated signal transduction pathway (Fig. 6C) . Thirty-minute preincubation with PD98059 (20 M), an inhibitor of MEK1/2 (ERK1/2 upstream kinases), also abolished the increase in AQP5 mRNA level induced by capsaicin treatment for 12 h (Fig. 6D) . Thus the capsaicin-induced increase in AQP5 expression may depend on ERK activity.
Histological and ultrastructural changes in submandibular glands. The light microscopic morphology of normal acinar and ductal cells in the control submandibular glands is displayed in Fig. 7A . On day 7 after transplantation, the size of acinar cells was reduced in transplanted glands and some acini were replaced by ductlike structures. Increased connective tissue fibers were seen within or around the glandular lobule (Fig. 7B) . The average acinar radius and the percent area of parenchyma were markedly decreased in the transplanted glands. After capsaicin treatment, the morphological features of acini and ducts appeared closer to those of controls (Fig.  7C) . The decrease in the average acinar radius and the percent area of parenchyma were alleviated (Fig. 7, G and H) . On transmission electron microscopy, low-matrix-dense secretory granules were widespread in the cytoplasm of acinar cells in controls (Fig. 7D) . However, the proportion of secretory granules was significantly decreased in transplanted glands (Fig.  7E) . In capsaicin-treated glands, acinar cells showed abundant secretory granules, which were smaller than those seen in controls (Fig. 7F) .
DISCUSSION
The main findings of this study are that capsaicin promoted secretion, upregulated the expression of TRPV1 and AQP5, and enhanced the membrane distribution of AQP5 in the transplanted submandibular gland early after transplantation. In addition, activation of TRPV1 by capsaicin induced the expression of AQP5 in an ERK-dependent manner and promoted redistribution of AQP5 in cultured primary neonatal submandibular gland cells. The secretory mechanism of activation of TRPV1 involved regulating AQP5 at multiple levels, by increasing synthesis of AQP5 mRNA and promoting translocation of AQP5 to the plasma membrane. These findings may lead to a novel strategy for clinical antihyposecretion early after submandibular gland transplantation. The process of salivary secretion is mainly controlled by neurotransmitters released from autonomic nerve terminals acting on different receptors. However, the transplanted submandibular gland is completely disconnected from its nerve supply, and its secretory mechanism is not fully understood. In our rabbit model, secretion from the transplanted gland decreased shortly after transplantation, a pattern similar to that seen in patients with submandibular gland transplantation (40) . Our previous experiments showed that a lack of transmitter support was involved in the early hyposecretion, and local supplementation with phenylephrine or isoproterenol from Wharton's duct improved secretion of the transplanted gland early after surgery (17, 38) . However, systemic administration of exogenous adrenergic agonists may induce a wide range of pharmacological effects, especially for patients with cardiovascular disease, and local perfusion from Wharton's duct is not convenient. The development of more effective strategies to maintain salivary secretion of transplanted glands early after surgery remains a major goal.
We have reported a functional TRPV1 expressed in the rabbit submandibular gland (41) . Activation of TRPV1 by capsaicin significantly increases [Ca 2ϩ ] i and promotes saliva secretion of isolated submandibular glands. However, expression of TRPV1 in transplanted organs is unclear. Capsaicin cream is widely used in the clinic to alleviate various painful conditions (20) . The analgesic action of topical capsaicin is believed to occur through desensitization of TRPV1 (12, 31) . However, recent studies of mice revealed that increased expression of TRPV1 in myelinated, neonatal, capsaicin-insensitive fibers accounts for the antihyperalgesic action of topical capsaicin cream in nerve injury-induced neuropathic pain (28) . In the present study, we found that hyposecretion of transplanted glands were accompanied by a decrease in expression of TRPV1 early after transplantation, and that topical capsaicin cream applied onto the skin covering the transplanted glands provided a safe, effective, convenient means to recover the expression of TRPV1 and promote submandibular gland secretion early after transplantation. Upregulation of TRPV1 might contribute to promoting the secretion of transplanted submandibular glands.
The transport of water across epithelial barriers is accomplished by two distinct routes: simple diffusion by paracellular transport and rapid transit by transcellular transport mediated by the AQP family, which are specialized membrane-spanning proteins for water-specific transport (15) . Among the AQPs identified thus far, AQP5, which is mainly present in the apical membrane of acinar cells (27) , participates in saliva secretion (22) . Proper expression of AQP5 is important for maintaining water homeostasis. Decreased expression of AQP5 was detected in radiation-damaged salivary glands (18, 32) . Transfection of recombinant AQP5 into polarized MDCK cells induced a fourfold increase in the net fluid secretion rate. These data suggest that elevated AQP5 expression can provide an efficient and useful means to facilitate water permeability to cells lacking such a pathway (5). In our experiments, we found the expression of AQP5 decreased in transplanted glands and was upregulated by capsaicin treatment. We further provided evidence that capsaicin directly upregulated the expression of AQP5 mRNA in cultured primary neonatal submandibular gland cells in a time-dependent manner and that the effect was abolished by capsazepine, an antagonist of TRPV1, which indicates that activation of TRPV1 by capsaicin could regulate AQP5 at the transcription level.
The biochemical link connecting activation of TRPV1 to altered AQP5 expression remains unclear, but one important element may be the ERK pathway. ERK is a member of the mitogen-activated protein kinase family of serine/threonine protein kinases, transducing extracellular stimuli into intracellular posttranslational and transcriptional responses. The ERK pathway is activated by capsaicin in dorsal root ganglion neurons, which is thought to be the basis of the mechanism of thermal hyperalgesia (8) . Phosphorylation of ERK is observed in human hepatoma G2 cells during upregulation of heme oxygenase-1 expression induced by capsaicin through activation of TRPV1 (14) . Previous reports have shown that ERK1/2 activation is necessary for hypertonic induction of AQP5 expression (11) . Therefore, we speculated that capsaicin-induced expression of AQP5 mRNA in the submandibular gland might involve the ERK pathway. Capsaicin induced phosphorylation of ERK1/2, and inhibition of the ERK pathway by PD98059 suppressed the capsaicin-induced expression of AQP5 mRNA in submandibular gland cells. In addition, our previous study revealed that TRPV1 activation resulted in an elevated level of [Ca 2ϩ ] i (41) . When the calcium was chelated by EGTA, ERK1/2 phosphorylation induced by capsaicin was markedly reduced. These results suggested that ERK was a downstream molecule of TRPV1 and calcium was necessary to activate the ERK1/2 pathway. In the submandibular gland, capsaicin regulated the expression of AQP5 in an ERK-dependent manner.
AQP5 is an apical membrane water channel distributed in several secretory glands (27) . Incorrect subcellular localization of AQP5 was detected in individuals with decreased salivary and lachrymal secretions. Sjögren's syndrome is characterized by xerostomia that appears to correlate with defective AQP5 translocation to the luminal side (25, 30, 35) , although AQP5 trafficking between intracellular storage compartments and the plasma membrane is controversial. Chemical stimulation can induce the translocation of AQP5 from intracellular storage sites to the apical membrane in cultured cells or gland slices (13, 16, 39) . We found AQP5 predominantly localized in the apical membrane of normal submandibular gland acini but was dispersed in the cytoplasm in transplanted glands. AQP5 relocalized to the apical membrane of acinar cells after capsaicin treatment for 7 days. In addition to the enhanced expression of AQP5 induced by capsaicin, the increase in AQP5 level in the apical membrane in transplanted glands might involve AQP5 redistribution. However, considering the difficulty in evaluating rapid AQP5 redistribution in vivo, we examined the effect of capsaicin on the distribution of AQP5 in cultured primary neonatal submandibular gland cells. AQP5 was widespread in cytoplasm of cells under unstimulated conditions. Capsaicin induced a rapid redistribution of AQP5 from the cytoplasm to the membrane, which was abolished by pretreatment with the TRPV1 antagonist capsazepine. These results provided new evidence that capsaicin improves secretion in transplanted submandibular glands by increasing AQP5 content and promoting its translocation.
In addition to the direct effects of capsaicin on the activity of AQP5, we also detected the effects of capsaicin on blood flow of submandibular glands. Local vascular changes, such as visible flare, elevated temperature and increased blood flow are often observed after repeat application of capsaicin cream (24, 36) . Blood flow is an important factor influencing the secretion of exocrine glands. Any reduction of blood flow might reduce secretory responses (9, 33) . In our previous reports, the secretion of transplanted glands could be increased by physical activity, local massage, and hot compresses, which suggested that improvement in the blood supplement could increase the salivation of the transplanted submandibular gland (40) . We found rapidly increased blood flow in transplanted submandibular glands after administration of capsaicin cream, which could explain in part the capsaicin-induced increase in salivation of the transplanted submandibular glands.
In agreement with our previous experiments (38), we observed atrophy of acini, an early morphological change in transplanted submandibular glands. Capsaicin significantly alleviated the atrophy of acini and increased the number of secretory granules in the cytoplasm of acini in transplanted glands. Although capsaicin treatment alleviated the morphological injury of acini, the mechanism needs to be further investigated.
In summary, our data demonstrate that capsaicin increased secretion and upregulated the expression of TRPV1 and AQP5 in transplanted submandibular glands. We also provide new evidence that, in addition to the classical pathways of neurotransmitter-induced salivation, activation of TRPV1 is a novel mechanism regulating salivation of the submandibular gland by inducing the expression of AQP5 in an ERK-dependent manner and facilitating AQP5 redistribution. Thus TRPV1 could be a promising target to promote water permeability in hypofunctional glands.
